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Enteropathogenic Escherichia coli (EPEC) are deadly contaminants in water and food and induce protrusion of actin-rich
membrane pedestals beneath themselves upon attachment to intestinal epithelia. EPEC then causes intestinal inflamma-
tion, diarrhea, and, among children, death. Here, we show that EPEC uses multiple tyrosine kinases for formation of
pedestals, each of which is sufficient but not necessary. In particular, we show that Abl and Arg, members of the Abl
family of tyrosine kinases, localize and are activated in pedestals. We also show that pyrido[2,3-d]pyrimidine (PD)
compounds, which inhibit Abl, Arg, and related kinases, block pedestal formation. Finally, we show that Abl and Arg are
sufficient for pedestal formation in the absence of other tyrosine kinase activity, but they are not necessary. Our results
suggest that additional kinases that are sensitive to inhibition by PD also can suffice. Together, these results suggest that
EPEC has evolved a mechanism to use any of several functionally redundant tyrosine kinases during pathogenesis,
perhaps facilitating its capacity to infect different cell types. Moreover, PD compounds are being developed to treat
cancers caused by dysregulated Abl. Our results raise the possibility that PD may be useful in treating EPEC infections,
and because PD affects host and not bacterium, selecting resistant strains may be far less likely than with conventional
antibiotics.

INTRODUCTION

Pathogenic Escherichia coli are a significant public health
concern. In developing countries, enteropathogenic E. coli
(EPEC) contaminates the water supply and causes infantile
diarrhea (Goosney et al., 2000). The resulting dehydration
contributes to as many as 1 million infant deaths per year
(Mead et al., 1999). EPEC is closely related to enterohem-
morhagic E. coli (EHEC), which causes “raw hamburger”
disease, a condition comprising bloody diarrhea and hem-
orrhagic colitis, which can lead to hemolytic uremic syn-
drome and death (Riley et al., 1983). A hallmark feature of
EPEC infections is the formation of attaching and effacing
lesions on the host intestinal epithelia cells (Knutton et al.,
1989). These lesions comprise a loss of intestinal microvilli
and the formation of an actin-filled membranous pedestal
that protrudes beneath the adherent bacterium. Pedestal
formation is highly correlated with development of disease,
and mutations in bacterial virulence factors associated with
pedestal formation render the bacteria avirulent (Rosenshine
et al., 1992; Foubister et al., 1994).

To form pedestals, EPEC initially attach loosely to epithe-
lial cells through an adhesin (Frankel et al., 1996; Sinclair and
O’Brien, 2002) and express several proteins associated with
virulence, including a type III secretion apparatus (Jarvis et
al., 1995) and a bacterial outer membrane protein called
intimin (Donnenberg et al., 1993). The type III secretion
system facilitates translocation of virulence factors into the
host cytoplasm and plasma membrane (Goosney et al., 2000).
One such factor, called translocated intimin receptor (Tir)
(Kenny et al., 1997, 1999), spans the host plasma membrane,
binds intimin on the bacterial surface (de Grado et al., 1999),
and adheres the bacterium tightly to the host cell.

Phosphorylation of EPEC Tir on Y474 (Kenny, 1999) by an
unknown host cell tyrosine kinase is crucial for formation of
actin pedestals. Tir phosphorylation and pedestal formation
are blocked by mutation of Y474 in Tir (Kenny, 1999; Gru-
enheid et al., 2001) or by genistein, a relatively nonspecific
tyrosine kinase inhibitor (Rosenshine et al., 1996). Once
phosphorylated, Tir facilitates recruitment and activation of
host cell proteins, including Nck, N-WASP, and Arp2/3
complex (Kalman et al., 1999b; Gruenheid et al., 2001; Lom-
mel et al., 2001), which initiate actin polymerization (Kalman
et al., 1999b; Rohatgi et al., 1999) to construct and brace the
pedestal.

Although much information is available on the molecules
and mechanisms that trigger actin polymerization in the
pedestals, much less is known about tyrosine kinases that
either phosphorylate Tir directly or catalyze its phosphory-
lation indirectly. Moreover, no information is available on
whether phosphorylation of other pedestal proteins regulates
formation of actin pedestals. Notably, of the 90 tyrosine kinases
in mammals (Robinson et al., 2000), only a small number reg-
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ulate cytoskeletal rearrangements. One of these, c-Abl, is a
member of a gene family that also includes the Abl-related
gene Arg (Laneuville, 1995; Lanier and Gertler, 2000; Pender-
gast, 2002; Smith and Mayer, 2002). Although Abl and Arg are
expressed in a broad range of tissues, homozygous deletion of
Abl causes immune cell defects (Schwartzberg et al., 1991;
Tybulewicz et al., 1991), and deletion of Abl and Arg causes
embryonic lethality and neural defects (Koleske et al., 1998).
The Abl protein contains catalytic (src homology [SH]1), SH2,
and SH3 domains, and polyproline-rich regions, all of which
are involved with inter- and intramolecular interactions (La-
neuville, 1995). Abl also contains nuclear import and export
signals and F- and G-actin–binding domains (Woodring et al.,
2001). Mutant forms of Abl (e.g., the BCR-Abl oncoproteins;
Raitano et al., 1997) have been identified in a variety of human
cancers, most notably chronic myelogenous leukemia (CML;
Druker et al., 2001).

Several observations indicate that Abl regulates actin cy-
toskeletal rearrangements that underlie membrane protru-
sions. Abl activity is stimulated by growth factors such as
platelet-derived growth factor (PDGF) and fibronectin, which
cause membrane ruffling and pseudopod formation, respec-
tively (Plattner et al., 1999; Woodring et al., 2001). Whereas Abl
activity increases during microspike and lamellipodia forma-
tion (Woodring et al., 2002), activity is inhibited by actin fila-
ments (Woodring et al., 2001). Abl also interacts with Nck
(Smith et al., 1999), Crk (Evans et al., 1997; Ren et al., 1994), and
Grb2 (Tanaka et al., 1995), proteins found in EPEC pedestals
(Goosney et al., 2001). One of these proteins, Crk, is phosphor-
ylated in membrane ruffles in response to PDGF (Ting et al.,
2001). Together, these data indicate that Abl activity is localized
to cytoskeletal structures and dynamically regulated during
cytoskeletal rearrangements.

Although ATP-binding sites of tyrosine kinases are highly
conserved, use of structural information obtained from x-ray
crystallography, and computer-assisted modeling based on ki-
nase domain homology, has led to the development of rela-
tively selective inhibitors. For Abl and BCR-Abl, STI-571 (also
called imatinib or Gleevec) is one such inhibitor with reason-
ably high specificity that has proven clinically useful in treating
CML (Druker et al., 2001; Goldman and Druker, 2001). The
tendency of patients to develop resistance to STI-571 has led to
the search for more potent inhibitors. Pyrido[2,3-d]pyrimidine
(PD) compounds have this capacity (Dorsey et al., 2000; Kraker
et al., 2000; Schindler et al., 2000; Wisniewski et al., 2002), al-
though they differ in substrate specificity somewhat from STI-
571 and can inhibit additionally Src-family kinases, PDGF re-
ceptor, epidermal growth factor receptor, and fibroblast
growth factor receptor kinases (Dorsey et al., 2000; Kraker et al.,
2000).

The availability of potent and relatively specific Abl ki-
nase inhibitors together with cells deficient in Abl and Arg
has allowed us to test the hypothesis that Abl or Arg par-
ticipate in the formation and maintenance of EPEC pedes-
tals. We describe here experiments demonstrating that the
Abl and Arg tyrosine kinases localize and are activated in
EPEC pedestals. Surprisingly, however, we show that Abl,
Arg, and likely other unknown kinases are all sufficient to
cause direct or indirect phosphorylation of Tir and possibly
other pedestal proteins, and to catalyze pedestal formation.
Our results suggest that rather than using a specific signal-
ing pathway, the bacterium has adapted to use any of sev-
eral functionally redundant cellular kinases. Our results also
suggest that inhibitors of Abl currently being developed to
treat cancer may be useful in treating bacterial infections
caused by pathogenic E. coli.

MATERIALS AND METHODS

Cell Culture
3T3 cells or 3T3 cells derived from Abl�/�/Arg�/� mice (Koleske et al., 1998)
were grown on glass coverslips in DMEM containing serum and incubated for
6 to 8 h at 37°C with wild-type (WT) EPEC (strain 2389/69) at an multiplicity
of infection of 10. For some experiments, cells were transfected 2 d before
infection with plasmid vectors using FuGENE 6 (Roche Diagnostics, India-
napolis, IN). Abl-T315I, Arg-T314I, and N-Src-346M were made using
QuikChange site-directed mutagenesis technology (Stratagene, La Jolla, CA).
PD compounds PD166326, SKI-DRV-1–10 (Supplementary Figure 4) were
synthesized as described previously (Kraker et al., 2000; Nagar et al., 2002) and
were indistinguishable in their effects in all assays. PD compounds, STI-571,
and PP2 (Calbiochem) were dissolved in 100% dimethyl sulfoxide (DMSO).
For pretreatment experiments, PD, PP2, STI-571, or DMSO was added to cells
1 h before infection with bacteria. For “reversal” experiments, compound or
DMSO was added to cells 5 h after addition of bacteria, and the cells fixed 15
min to 2 h subsequently. Although the Ki value of PD for Abl is �5–10 nM as
measured by in vitro kinase assay, micromolar concentrations of PD are
required to block pedestal formation in cells. We surmise that this discrep-
ancy arose because the drug, when applied to the medium, may not achieve
the same concentration in the cell. In this regard, we have now synthesized
more soluble derivatives of PD, which have the same Ki value for WT Abl but
that block pedestals at slightly lower concentrations (i.e., 1 �M; our unpub-
lished data). Additionally, the ATP concentration within the cell may increase
the effective Ki. In vitro kinase assays are carried out at micromolar ATP
concentrations, whereas the free ATP concentration inside the cell has been
estimated to be �2–5 mM. Because ATP and PD compete for the same binding
site, it is not at all unreasonable to expect that the effective Ki increases. In
vitro kinase with high concentrations of ATP seems consistent with this
prediction. Moreover, in systems where Src-family kinases have been impli-
cated, PP1 concentrations in the micromolar range are routinely used despite
a measured Ki in vitro of 5–50 nM, depending on the kinase.

Crystal Structure, Western Analysis,
Immunoprecipitations, and Kinase Assays
Crystal Structure of PD in the ATP-binding pocket of Abl was done essen-
tially as described previously (Nagar et al., 2002). For Western analysis,
uninfected cells or cells infected with EPEC were washed three times with
cold phosphate-buffered saline and lysed for 30 min at 4°C in 20 mM Tris, pH
7.2, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM sodium
ortho-vanadate, and protease inhibitors (Complete protease inhibitor mix;
Roche Diagnostics). Samples were centrifuged for 20 min at 10,000 � g, and
30–50 �g of the supernatant was analyzed by SDS-PAGE and Western anal-
ysis. For immunoprecipitation experiments, samples were prepared as de-
scribed above and incubated with primary antibody (�-Tir or �-Abl) for 2 h
at 4°C, and for an additional hour with protein G beads. The beads were
washed with lysis buffer and analyzed by immunoblotting or used in in vitro
kinase assays. For in vitro kinase assays, glutathione S-transferase (GST)-Crk
was used as a substrate and incubated with 20 U of Abl kinase (NEB, Beverly,
MA) or immunoprecipitated Abl, and 10 �M ATP in 20 �l of kinase assay
buffer (25 mM Tris, 10 mM MgCl2, and 1 mM dithiothreitol) for 30 min at
23°C. Samples were then subjected to SDS-PAGE, transferred to polyvinyli-
dene difluoride membrane, and immunoblotted with �-phosphotyrosine an-
tibody 4G10 or �-Abl monoclonal antibody (mAb) AB3. Assays for Src kinase
activity were carried out similarly except a fusion of green fluorescent protein
with a peptide (IYGEF) was used as a substrate (Liu et al., 1999).

Immunofluorescence Staining
For immunofluorescence analysis, cells were fixed in 2% formaldehyde and
permeabilized in Triton-X-100 as described previously (Kalman et al., 1999a).
EPEC was recognized by staining with 4,6-diamidino-2-phenylindole (DAPI;
1 �g/ml; Sigma-Aldrich, St. Louis, MO), and pedestals were recognized by
staining with fluorescein isothiocyanate (FITC)-phalloidin (1 �g/ml; Molec-
ular Probes, Eugene, OR). Before staining, some polyclonal antibodies (pAbs)
were preincubated with EPEC or EPEC-�-Tir previously fixed in formalde-
hyde and then centrifuged. This procedure removed serum contaminants that
nonspecifically bound EPEC. The primary antibodies and concentrations used
in this study were as follows: �-WASP pAb (affinity purified, 1:200 dilution),
�-hemagglutinin A (HA) mAb (3F10; 0.01 �g/ml; Roche Diagnostics), �-Nck
mAb (1 �g/ml; Oncogene Science, Cambridge, MA), �-Abl mAb (AB3; 0.5
�g/ml for overexpressed Abl proteins; 50 �g/ml for endogenous Abl pro-
teins; 8E9; 0.05 �g/ml; BD PharMingen, San Diego, CA), �-Tir pAb (1:2000 for
microscopy; 1:50,000 for Western analysis; from Jim Kaper, University of
Maryland, College Park, MD), and �-Src pAb (0.1 �g/ml; Santa Cruz Bio-
technology, Santa Cruz, CA), and �-Abl-pY412 and �-Abl-pY245 pAbs (0.1
�g/ml; Cell Signaling Technology, Beverly, MA). Cells expressing exogenous
c-Abl-WT were distinguished by relatively high fluorescence intensity with
lower �-Abl mAb concentrations. Thus, images were acquired with much
shorter exposures than those used to detect endogenous c-Abl–like protein.
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Secondary antibodies were obtained from Jackson ImmunoResearch Labora-
tories (West Grove, PA).

Microscopy
Images were acquired with a scientific-grade cooled charge-coupled device
(Cool-Snap HQ with ORCA-ER chip) on a multi-wavelength, wide-field,
three-dimensional microscopy system (Intelligent Imaging Innovations)
(Denver, CO), based on a 200M inverted microscope using a 63� numerical
aperture 1.4 lens (Carl Zeiss, Thornwood, NY). Immunofluorescent samples
were imaged at room temperature by using a standard Sedat filter set
(Chroma Technology, Rockingham, UT), in successive 0.25-�m focal planes
through the samples, and out-of-focus light was removed with a constrained
iterative deconvolution algorithm (Swedlow et al., 1997). To quantitate the
effects of PD and PP2, we noted that pedestals stained more intensely with
FITC-phalloidin than actin filaments. Images were segmented on the basis of
intensity (e.g., Figure 3d for PP2 and 3f for PD). The correspondence of the
highest intensity pixels to pedestals was confirmed visually (compare Figure
3, c and d). Cases where high pixel intensity and pedestals failed to coincide
were adjusted accordingly (e.g., Figure 3, c and e, arrowheads). The area
occupied by the highest intensity pixels was then calculated. Each bar repre-
sents the mean and SE calculated from 15 images. For each condition, data
were acquired from cells plated and infected identically on the same day.
Each experiment was repeated five times. The data in each graph are from a
single experiment but are representative. Some variance in maximal pedestal
area was evident between experiments due to variation in plating density and
infection efficiency.

RESULTS

Abl and Arg Localize in EPEC Pedestals
To test the hypothesis that Abl and related tyrosine kinases
participate in pedestal formation, we first determined
whether endogenous proteins resembling Abl localized
within pedestals. 3T3 cells were exposed to EPEC and then
stained with the �-Abl mAb 8E9, which recognizes an Abl
kinase domain epitope (Wang, 1988). Pedestals are seen as
intense actin staining (Figure 1a) directly apposed to the
bacterium. An endogenous protein recognized by �-Abl-8E9
mAb was enriched in pedestals relative to the cytoplasm
(Figure 1b). Identical results were obtained with �-Abl-AB3
mAb (our unpublished data). An endogenous protein rec-
ognized by the antibodies against the Abl-related kinase Arg
also was enriched in pedestals relative to the cytoplasm
(Figure 1, c and d). The �-Abl mAb and �-Arg pAb were
specific: no staining with either antibody was evident in cells
lacking Abl and Arg (Supplementary Figure 1, a–d). More-
over, in Abl�/�/Arg�/� cells, transfected Abl was not rec-
ognized by �-Arg pAb, and transfected Arg-yellow fluores-
cent protein (YFP) was not recognized by the �-Abl mAbs
8E9 or AB3 (Supplementary Figure 1, e–h). Staining with

�-Abl and �-Arg antibodies also was evident in pedestals on
HT29 cells (our unpublished data), a human colon epithelial
cell line that retains many characteristics in culture of colonic
epithelium, a tissue with which EPEC interacts in vivo. The
localization of Abl and Arg to pedestals was specific but not
unique (see below). We could find no evidence for localiza-
tion of many tyrosine kinases, including c-Src (Supplemen-
tary Figure 2, a–d), Fyn, PDGF receptor, fibroblast growth
factor receptor, Lck, FAK, Ntk, Lyn, Jak1, Csk, Tyk2, and
Pyk2 (our unpublished data).

We next determined whether exogenously expressed HA-
tagged Abl (HA-Abl) or yellow fluorescent protein-tagged
Arg (Arg-YFP) localized in pedestals. The HA-tagged Abl
protein detected with the �-HA-3F10 mAb (Figure 1, e–h),
or Arg-YFP (Figure 1, i–l) localized in pedestals. The local-
ization of proteins resembling Abl in pedestals was some-
what specific: neither exogenously expressed c-Src protein
(Supplementary Figure 2, e–h) nor activated v-Src (our un-
published data), both detected with �-Src pAb, nor green or
yellow fluorescent protein fluorescence, were enriched in
pedestals relative to the cytoplasm (Supplementary Figure 2,
i–l). However, N-Src, a splice variant of c-Src, did localize
when overexpressed (Supplementary Figure 2, m–p), al-
though the significance of such localization for EPEC infec-
tions in vivo is obscure because endogenous N-Src expres-
sion is restricted to brain. Together, these results suggest
that Abl and Arg localize in pedestals but that other tyrosine
kinases also can localize.

Abl and Arg Are Activated in EPEC Pedestals
To determine whether Abl and Arg were active in pedestals,
we stained with an antibody that recognizes the phosphor-
ylated Y412 (�-PY412) in the Abl activation loop domain
(Pluk et al., 2002). We could not detect changes in Abl
activity after EPEC infection by Western analysis of Abl
autophosphorylation with �-PY412, by in vitro kinase assay,
or by changes in phosphorylation of the Abl substrate CrkII
(our unpublished data), presumably because the effect is
local and the amount of activated Abl in the pedestal is only
a small percentage of the total Abl in the cell. However,
staining with �-PY412 was evident in the pedestals (Figure
2, a–h; e–h represents an enlargement of a–d). Similar re-
sults were obtained with �-PY245 pAb, another antibody
that recognizes activated Abl (our unpublished data). Staining
with �-PY412 was specific for Abl or Arg and was not evident

Figure 1. Abl and Arg localize in EPEC ped-
estals. (a–d) Images of 3T3 cells (a–d) exposed
to EPEC and stained with DAPI to identify
EPEC, FITC-phalloidin to visualize actin, and
�-Abl mAb 8E9 (a and b) or �-Arg pAb (c and
d). In these merged images and in h and l,
EPEC are pseudocolored blue, Abl or Arg red,
and actin green. Note that �-Abl mAb and
�-Arg pAb recognize proteins beneath EPEC in
3T3 cells. (e–h) Images of 3T3 cells expressing
exogenous HA-Abl and exposed to EPEC and
stained with DAPI (e), FITC-phalloidin (f), and
�-HA (g). (i–l) Images of 3T3 cells expressing
exogenous YFP-Arg (k) and exposed to EPEC
and stained with DAPI (i) and Alexa 594-phal-
loidin (j). Together, these results suggest that
both exogenous and endogenous Abl and Arg
localize in pedestals. Supplementary Figure 1
shows that �-Abl mAb and �-Arg pAb are
specific and recognize only Abl or Arg, respec-
tively. Bars, 5 �m.
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on pedestals in cells lacking Abl and Arg (Figure 2, i–l). How-
ever, because the activation loop epitope recognized by the
�-PY412 pAb is identical in Abl and Arg, the antibody likely
cannot discriminate between the two proteins in a fluorescence
experiment. To determine whether Abl, Arg, or both are active
in the pedestal, we transfected either HA-Abl or Arg-YFP into
Abl�/�/Arg�/� cells. In cells overexpressing either HA-Abl
(Figure 2, m–p) or Arg-YFP (Figure 2, q–t), we observed stain-
ing with �-pY412 pAb in pedestals, indicating that both kinases
were likely activated.

Pedestals Form on Cell Lines Deficient in a Variety of
Tyrosine Kinases
To determine whether Abl-, Arg-, or Src-family kinases were
necessary for pedestal formation, we infected 3T3 cells de-
rived from mice lacking both Abl and the Abl-related kinase
Arg (Koleske et al., 1998), or from mice lacking Src, Fyn, and
Yes (Stein et al., 1994). EPEC was still capable of forming
pedestals in Abl�/�/Arg�/� cells (e.g., Figure 2, i–l) and on
Src�/�/Fyn�/�/Yes�/� cells (Supplementary Figure 3,
a–d). Moreover, we could find no evidence for localization
of Src-family kinases in Abl�/�/Arg�/� cells (Supplemen-
tary Figure 3, e–j). Thus, neither Abl, Arg, nor Src-family
kinases alone seem necessary for EPEC pedestal formation.

Inhibitors of Abl-, Arg-, and Src-Family Kinases Block
Pedestal Formation and Maintenance
The observations that Abl, and Arg localize in pedestals, that
at least Abl and Arg are activated in pedestals, and that
pedestals formed on cell lines derived from mice lacking
these kinases suggests two alternatives. First, Abl, or Arg
can each catalyze pedestal formation, but in the absence of
either or both of these kinases, another functionally redun-
dant kinase can suffice. Alternatively, localization and acti-
vation of Abl or Arg could be unrelated to pedestal forma-
tion. To test whether Abl or Arg was involved in pedestal
formation, we developed a test of sufficiency based on 1) the
identification of an inhibitor of tyrosine kinases, including

Abl and Arg, to block pedestal formation; and 2) the capac-
ity of Abl or Arg mutants, resistant to such an inhibitor, to
support pedestal formation with the inhibitor present. To do
this, we first assessed the effects of PD compounds (Supple-
mentary Figure 4a) that competitively inhibit binding of
ATP to Abl and kinases with homologous ATP-binding
domains, including Arg, Src, Fyn, and Yes (Dorsey et al.,
2000; Kraker et al., 2000), and that are being developed to
treat cancers caused by dysregulated Abl (e.g., CML; Gold-
man and Druker, 2001; Wisniewski et al., 2002). In cells
pretreated with 5 �M PD and then infected with EPEC,
fewer attached bacterium were evident, and little or no actin
was apparent beneath those that did attach, even with pro-
tracted incubation (up to 8 h; Figure 3b). Concentrations of
PD �5 �M were without effect (our unpublished data).

Quantitation of pedestals showed that PD treatment re-
duced EPEC pedestal formation by at least 50-fold (Figure 3,
g and h). Treatment of cells with PD 5 h after infection with
EPEC disassembled extant pedestals within 2 h (Figure 3h,
reversal). Structurally related PD compounds (e.g., SKI-DV-
1-10, 10 �M) were as effective as PD in blocking pedestal
formation (Figure 3i). In contrast to PD, 2-phenylamino py-
rimidine compounds (e.g., STI-571; Goldman and Druker,
2001), which inhibit Abl with lower efficacy than PD (Nagar
et al., 2002), had no detectable effects on pedestal formation
at concentrations up to 25 �M, the highest tested (Figure 3i).
PP1 and PP2 inhibit Src-family kinases with a Ki value of
�100 nM and Abl-family kinases with a Ki value of �300 nM
measured by in vitro kinase assay (Liu et al., 1999; Tatton et
al., 2003; see also Arnaud et al., 2003). In our assay, PP1 had
no effect on pedestal formation even at concentrations up to
100 �M, the highest tested (e.g., Figure 3a). DMSO (0.1%),
the carrier for PD and STI-571, was also without effect. To
test for functional redundancy between Abl and Src or other
kinases, we tested the effects of PD, STI-571, or PP2 inhibi-
tors in Abl�/�/Arg�/� cells, and in Src�/�/Fyn�/�/
Yes�/� cells. As in wild-type cells, PD but not PP2 or
STI-571 inhibited pedestals in both of these cell lines (our

Figure 2. Abl and Arg are activated in EPEC
pedestals. (a–h) Images of 3T3 cells exposed
to EPEC and stained with DAPI (a), FITC-
phalloidin (b), and �-pY412 pAb (c). In the
merged images (d and h), EPEC are pseudo-
colored blue, actin green, and pY412 red.
Note the presence of �-pY412 staining in the
pedestals. Images in e–h are enlargements of
pedestals found in a–d, as indicated by the
white box in b. (i–l) Images of Abl�/�/
Arg�/� cells stained with DAPI (i), FITC-
phalloidin (j), �-HA (k), and �-pY412 (l). Note
that although pedestals form in Abl�/�/
Arg�/� cells, no pY412 staining was evident.
(m–p) Images of Abl�/�/Arg�/� cells ex-
pressing HA-Abl and stained with DAPI (m),
�-HA (n), �-pY412 (o), and FITC-phalloidin
(p). (q–t) Images of Abl�/�/Arg�/� cells ex-
pressing Arg-YFP and stained with DAPI (q)
and �-pY412 pAb(s). The YFP channel is
shown in r. Note that transfected Abl or Arg
colocalize with PY412 staining. Together,
these data suggest that �-pY412 pAb recog-
nizes phosphorylated Abl or Arg but not
other pedestal proteins and that both Abl and
Arg are activated in pedestals. Bars, 5 �m.
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unpublished data). The absence of pedestals was not attrib-
utable to a bactericidal effect of PD because no effect of the
drug on growth or viability of EPEC was apparent (Figure
3j). The effects of PD were also not due to nonspecific inhi-
bition of actin polymerization: PD had no effect on the
capacity of Listeria monocytogenes or Shigella flexneri to form
actin comet tails (Supplementary Figure 5).

PD Blocks Recruitment of Nck, N-WASP, and Arp2/3 in
Pedestals but Not Tir
We next tested whether PD affected localization of Tir, Nck,
N-WASP, or Arp2/3 complex beneath attached EPEC. In
agreement with previous reports (Kenny et al., 1997), Tir
localized in the pedestal beneath an attached bacterium
(Figure 4, h–k) and was detectable by Western analysis after
�3 h of infection (Figure 4e). With PD treatment, Tir protein
remained detectable beneath attached EPEC (Figure 4c), de-
spite the absence of pedestals (Figure 4b). Nck, N-WASP,
and Arp2/3 complex are required for EPEC pedestal forma-
tion and, like Tir, localize in the pedestal (Figure 5; Kalman,
1999b; Gruenheid et al., 2001). Recruitment of Nck, N-WASP
(Figure 5), and Arp2/3 complex (our unpublished data)
beneath EPEC was blocked by PD.

PD Blocks and Reverses Tir Phosphorylation
Because pedestal formation and recruitment of Nck,
N-WASP, and Arp2/3 depend on phosphorylation of EPEC
Tir (Kenny, 1999), we next determined whether PD affected
EPEC Tir phosphorylation. Lysates from cells infected with
EPEC and treated with DMSO or PD were subjected to
Western analysis with �-phosphotyrosine mAb 4G10. As
seen in Figure 4, the band corresponding to Tir is tyrosine

phosphorylated in the absence of PD (Figure 4e) but not in
its presence (Figure 4f). Accordingly, phosphotyrosine stain-
ing was evident at the tip of pedestals in cells infected with
EPEC (Figure 4n; Rosenshine and Finlay, 1993), but not
beneath adherent EPEC in cells treated with PD (Figure 4d).
We next treated cells with PD 5 h after infection with EPEC.
Within 5 min, neither phosphotyrosine staining of Tir mea-
sured by Western analysis (Figure 4g) nor phosphotyrosine
staining in pedestals (Supplementary Figure 6d) was detect-
able, although actin structures persisted for up to an hour
(Supplementary Figure 6b). Thus, sustained activity of a
PD-sensitive kinase is required to maintain Tir in a phos-
phorylated state, and phosphorylation/dephosphorylation
reactions are rapid and dynamic. Together, these data pro-
vide evidence that PD compounds specifically inhibit Tir
phosphorylation and formation and maintenance of actin
pedestals, whereas other compounds such as STI-571, which
only inhibits Abl-family kinases, or PP2, which inhibits both
Src- and Abl-family kinases, were without effect. These re-
sults suggest that a PD-sensitive tyrosine kinase regulates
pedestal formation. However, these results do not rule out
the possibility that Abl, Arg, or other PD-sensitive kinases
can act in a redundant manner to regulate pedestal forma-
tion.

Abl or Arg Is Sufficient among Tyrosine Kinases for
Pedestal Formation and Maintenance
To determine whether Abl or Arg is sufficient among PD-
sensitive kinases for tyrosine phosphorylation of Tir or ped-
estal formation, we assessed whether each kinase could
support pedestals in the absence of other kinase activity. Specifi-
cally, we tested whether expression of a PD-resistant Abl or Arg

Figure 3. Formation and maintenance of
EPEC pedestals is blocked by PD166326 and
related kinase inhibitors. (a and b) Images of
3T3 cells treated with Src kinase inhibitor PP2
(25 �M; a) or with PD166326 (10 �M; b) and
then infected with EPEC for 6 h. Cells were
stained with DAPI to recognize bacteria
(blue) and FITC-phalloidin to recognize actin
(green). (c–f) Representative images taken
with 20� objective from cells pretreated with
10 �M PP2 (c) or 10 �M PD 166326 (e) and
infected with EPEC. Cells were stained with
FITC-phalloidin (green) to recognize actin,
and DAPI (our unpublished data) and quan-
titated (see MATERIALS AND METHODS).
Spatial distribution of the highest intensity
pixels are exemplified in d for PP2 and f for
PD and correspond to the actin pedestals in c
and e. Arrowheads denote high-intensity pix-
els that did not correspond to pedestals and
were excluded from the analysis. (g–i) Area
occupied by the highest intensity pixels for
EPEC treated according to the pretreatment (g
and i) or reversal (h) regimens with DMSO, 10
�M PD166326, or 10 �M PP2. For i, PD ana-
logs (SKI-DV-1-10 [DRV-1]; 10 �M) blocked
EPEC pedestal formation but STI-571 (25 �M)
did not. (j) Growth of EPEC was unaffected by
treatment with PD166326. EPEC were cul-
tured with either 0.1% DMSO (X) or 25 �M
PD (�) and the OD 600 measured at the times
indicated. Bar, 5 �m (a and b). Bar in e rep-
resents 40 �m and applies to c, d, and f as
well.
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allele allowed pedestals to form or persist in the presence of PD.
To develop PD-resistant alleles of Abl and Arg, we took advan-
tage of a mutation in BCR-Abl, T315I, acquired by CML patients
who develop resistance to STI-571 (Gorre et al., 2001). The T315I
mutation is in the ATP-binding domain of Abl and prevents
inhibition of Abl by STI-571 by disrupting a hydrogen bond
between T315 and STI-571 (Gorre et al., 2001; Nagar et al., 2002). To
test whether PD-166326 interacted with Abl by the same mecha-
nism as STI-571, we crystalized PD together with the ATP-binding
domain of Abl. Although no hydrogen bond was evident, PD
showed a strong van der Waals interaction with T315 in Abl
(Figure 6A). Substitution of T for I at position 315 showed pro-
nounced steric hindrance that disrupted the van der Waals inter-
actions with PD (Figure 6B). Together, the structural data indicate
that Abl-T315I binds PD less effectively that Abl-WT.

To test whether lower efficacy of binding affects the capacity of
PD to inhibit kinase activity, we assessed the kinase activity of
Abl-WT and Abl-T315I in the presence of the drug. We expressed
Abl-WT or Abl-T315I in 293 cells and then isolated the overex-
pressed Abl proteins by immunoprecipitation with �-Abl mAb
8E9. 293 cells have little precipitable endogenous Abl protein
(Figure 6C, lanes 1 and 2), so the activity of the transfected WT and
mutant Abl proteins can be readily evaluated. We incubated the
immunoprecipitated proteins with ATP; GST-CrkII, a substrate
for Abl; and either PD or DMSO. Kinase activity was assessed by
Western analysis of GST-CrkII phosphorylation with �-phospho-
tyrosine mAb 4G10 (Ren et al., 1994). Transfected Abl-WT protein
was capable of phosphorylating GST-CrkII but not GST-CrkII-

Y221F (our unpublished data), a nonphosphorylatable mutant
(Ren et al., 1994). As seen in Figure 6C (lanes 3 and 4), PD com-
pletely blocked exogenous Abl-WT. By contrast, PD had little
effect on the activity of Abl-T315I (Figure 6C, lanes 5 and 6),
although high concentrations of PD (�500 nM) did partially block
activity (our unpublished data). Stripping and reprobing the blot
with �-Abl mAb 8E9 confirmed that the amount of precipitated
Abl-WT or Abl-T315I protein was equivalent (Figure 6C, bottom).
Thus, in accordance with the structural predictions, Abl-T315I
activity was much less susceptible to block by PD than Abl-WT.

To test whether Abl was sufficient for pedestal formation,
we expressed Abl-T315I in 3T3 cells cultured in PD and then
infected the cells with EPEC. As seen in Figure 7, i–l, ped-
estal formation as well as localization of phosphotyrosine
beneath attached bacterium (Figure 7, i–l) was evident in
PD-treated cells expressing Abl-T315I, but not in cells ex-
pressing endogenous Abl (Figure 7, a–d). We next tested the
possibility that overexpression of Abl-T315I could, via a
low-affinity interaction with PD, reduce the effective concen-
tration of PD. To do this, we overexpressed Abl-WT, which
has a higher affinity for PD than Abl-T315I. However, no
pedestals or phosphotyrosine staining was evident in cells
expressing Abl-WT and cultured in PD (Figure 7, e–h),
suggesting that no such titration of the drug by overex-
pressed protein occurred.

When PD was added after pedestals had formed, expres-
sion of c-Abl-T315I also prevented loss of tyrosine phos-
phorylation in the pedestal (Supplementary Figure 6, i–l).

Figure 4. PD blocks tyrosine phosphoryla-
tion of EPEC Tir but not Tir localization. (a–d)
Images of 3T3 cells treated with PD166326 (10
�M) and exposed to EPEC. Cells were stained
with DAPI (a) to recognize EPEC, with FITC-
phalloidin to recognize actin (b), with �-Tir
pAb (c) and with �-phosphotyrosine mAb
4G10 (d). Note that Tir is present despite ab-
sence of pedestals and that phosphotyrosine
staining is not evident beneath attached
EPEC. Bar, 5 �m. (e–g) Tyrosine phosphory-
lation of EPEC Tir can be blocked or reversed
by PD. Cells were treated with DMSO (e) or
PD (f) and were left uninfected (0 h) or in-
fected with EPEC for the times indicated.
Cells were lysed and subjected to Western
analysis with �-phosphotyrosine mAb 4G10
(top), stripped, and then reprobed with �-Tir
pAb (bottom). Note that Tir protein is evident
after 3 h and becomes phosphorylated in
DMSO-treated cells and that PD blocks Tir
phosphorylation. (g) Cells were left unin-
fected (lane 1) or infected with EPEC for 6 h,
treated with PD for the times indicated, and
analyzed as in e and f. Note the band corre-
sponding to Tir becomes dephosphorylated
within 5 min of adding PD. (h–o) Cells were
infected with EPEC and stained with DAPI to
recognize bacteria (h and l), with FITC-phal-
loidin to recognize actin (I and m), and with
�-Tir pAb (j) or �-4G10 mAb (n) to recognize
phosphotyrosine. In the merged images (k and
o), bacteria are pseudocolored blue, Tir or phos-
photyrosine red, and actin green. Bar, 5 �m.
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Overexpression of c-Abl, even at high levels, was not suffi-
cient to block loss of phosphorylation induced by PD (Sup-
plementary Figure 6, e–h). In Supplementary Figure 6, cells
were fixed 15 min after PD treatment. At this time point,
pedestals were still evident in cells expressing endogenous
Abl, Abl-WT, and Abl-T315I. After an hour, however, ped-
estals were only evident in cells expressing Abl-T315I.

To test whether Abl-T315I was unique in its capacity to
rescue pedestal formation and tyrosine phosphorylation in the
presence of PD, we constructed and tested a PD-resistant mu-
tant of Arg. As seen in Figure 8 localization of phosphotyrosine
beneath attached bacterium colocalized with Arg-YFP expres-
sion (Figure 8, a–c). Phosphotyrosine staining was evident
beneath bacteria in PD-treated cells expressing Arg-T314I-YFP
(Figure 8, g–i), but not in nontransfected cells (Figure 7, a–d)
nor in cells overexpressing Arg-WT-YFP (Figure 8, d–f).

We next tested whether rescue of pedestal formation in PD
by Abl-T315I or Arg-T314I was due to nonspecific phosphor-
ylation by an overexpressed tyrosine kinase. To do this, we
generated PD-resistant alleles of other tyrosine kinases, partic-
ularly those in the Src family. Shokat and colleagues (Liu et al.,
1999) found that mutations at position 338 or its equivalent
affect the sensitivity of Src-family kinases to PP2. Accordingly,
we found that v-Src, which contains I at position 338, was
resistant to PD (Supplementary Figure 7a). Substitution of T
with M at position 346 in N-Src likewise rendered this protein
resistant to PD (our unpublished data). Both mutants localized
identically to their wild-type counterparts. Thus, N-Src-T346M
localized in pedestals, whereas v-Src-338I did not (our unpub-
lished data). However, neither v-Src-338I nor N-Src-T346M
was capable of maintaining phosphotyrosine staining under
the bacteria (Supplementary Figure 7, b–i), or rescuing pedestal
formation (our unpublished data) in the presence of PD. These
results suggest that overexpression of a tyrosine kinase per se,
even one that localizes in the pedestal, is not sufficient to
support pedestal formation or attendant tyrosine phosphory-
lation. Together, these results suggest that either Abl or Arg is
sufficient among tyrosine kinases for pedestal formation and
maintenance.

DISCUSSION

Our results indicate that Abl and Arg localize and are acti-
vated in EPEC pedestals and that Abl and Arg are sufficient
among tyrosine kinases for maintenance and formation of
pedestals. Our results additionally suggest that Abl and Arg
contribute either directly or indirectly to the phosphoryla-
tion of EPEC Tir. To our knowledge, these are the first
results describing any tyrosine kinase involved in EPEC
signaling. Our conclusion of sufficiency is based on the
capacity of overexpressed PD-resistant alleles of Abl and
Arg to support pedestal formation in the presence of drug.
Although we cannot exclude the possibility that overexpres-
sion of Abl-T315I or Arg-T314I results in nonspecific phos-
phorylation of targets critical for pedestal formation, this
possibility seems unlikely because PD-resistant alleles of
other kinases (e.g., v-Src-338I), including those which local-
ize in pedestals (e.g., N-Src-T346M), fail to rescue pedestal
formation in the presence of PD.

Our results with cells deficient in Abl and Arg indicate
that other redundant kinases are also capable of supporting
formation of actin pedestals. The subset of additional ty-
rosine kinases capable of supporting pedestal formation is
defined by 1) susceptibility to inhibition by PD, and 2) the
capacity to localize and become activated in the pedestal.
Notably, PP2 or STI-571 fails to block pedestals in Abl�/�/
Arg�/� cells or Src�/�/Fyn�/�/Yes�/� cells. These data
suggest that there exist some additional unknown kinase or
kinases that are capable of localizing in and supporting
pedestals and that are sensitive to PD but resistant to PP2
and STI-571. Our results do not rule out the possibility that
a hierarchy exists and that one kinase is preferentially used
or that multiple kinases are required, only some of which are
sensitive to PD. Tests of these hypothesis await the identifi-
cation of additional kinases. Experiments to isolate these
additional kinases using the differential sensitivity to PD,
STI-571, and PP2 are currently under way.

Although redundancy among tyrosine kinases and other
molecules is well documented (Imamoto et al., 1994; Stein et
al., 1994), signaling pathways in mammalian cells are gen-

Figure 5. PD166326 blocks recruitment of
Nck and N-WASP. (a–h) Images of 3T3 cells
treated with DMSO (a–d) or PD166326 (e–h)
and concomitantly exposed to EPEC. Cells
were stained with DAPI (a and e) to recognize
EPEC, with FITC-phalloidin to recognize actin
(b and f), and with �-Nck mAb (c and g). (i–p)
Images of 3T3 cells treated as in a–h and
stained with DAPI (I and m), FITC-phalloidin
(j and n), and �-N-WASP pAb (k and o). Note
that Nck and N-WASP localize at the tip of
actin pedestals and that PD blocks Nck and
N-WASP localization. Bars, 5 �m.

A. Swimm et al.

Molecular Biology of the Cell3526



erally considered to maintain a high degree of specificity.
Even in loss of function experiments that result in a lack of
phenotype, dosage compensation mechanisms maintain
general specificity by up-regulating one family member
when another is removed. Thus, removal of Rac2 results in
up-regulation of Rac1 (Li et al., 2002), and whereas targeted
gene deletions of either Src or Fyn, alone, pairwise, or with
Yes cause lethality, the frequency increases in mice harbor-
ing multiple deletions (Imamoto et al., 1994; Stein et al.,
1994). Nevertheless, evidence from knock-in experiments
with chimeric PDGF�� receptors suggests that whereas
some cellular phenotypes require a specific receptor (e.g.,

PDGF� receptor in vascular genesis), in many cell types the
intracellular signaling systems initiated by the two receptors
are completely interchangeable (Klinghoffer et al., 2001).

Such a redundancy mechanism in EPEC signaling may have
evolved to ensure phosphorylation of Tir or other targets re-
quired for pathogenesis and to broaden the range of cell types
susceptible to infection to include those lacking particular ki-
nases. Mechanisms that activate host signaling pathways to
broaden host range or facilitate replication are certainly not
unprecedented among bacterial or viral pathogens. For exam-
ple, the polyoma virus protein middle t dysregulates the activ-
ity of c-Src, c-Fyn, and c-Yes to facilitate transformation (Ichaso
and Dilworth, 2001). Likewise, the Yersinia-encoded phospha-
tase YOP-H dephosphorylates a variety of host proteins, in-
cluding FAK, paxillin, and p130Cas to prevent engulfment
(Cornelis, 2000). Abl and Arg have been implicated in entry of
Shigella into the host cell (Burton et al., 2003), although the
contributions of Abl or Arg alone were not assessed. Notably,
entry of Shigella still occurred in �10% of Abl�/�/Arg�/�

cells, suggesting either that another entry mechanism exists, or
that a redundant kinase participates. Finally, EPEC itself takes
advantage of redundancy in signaling molecules. Thus, ho-
mozygous deletion of both Nck1 and Nck2 are required to
block pedestal formation (Gruenheid et al., 2001). It is not
unreasonable to speculate that host mechanisms that effectively
prevent use of host proteins by the pathogen may select for
novel virulence strategies by the pathogen, such as adoption of
a host kinase or phosphatase as a virulence factor.

Together, our results suggest a model of EPEC signaling that
contributes to pedestal formation. Phosphorylation of EPEC
Tir after recruitment of Abl, Arg, or another redundant kinase
beneath the bacterium seems to initiate a signaling cascade at
the cell surface that includes recruitment and activation of Nck
(Gruenheid et al., 2001), N-WASP (Kalman et al., 1999b; Lom-
mel et al., 2001), and the Arp2/3 complex (Kalman et al., 1999b),
culminating in actin polymerization and pedestal formation.
We cannot rule out the possibility that Abl or Arg do not
directly phosphorylate Tir, but rather act through an interme-
diary, or that other signaling molecules in the pathway are
targets of Abl or Arg. Recent work suggests that clustering of
Tir via coupling of the bacterial outer membrane protein in-
timin is required for initiating Tir phosphorylation and thereby
activating the signaling cascade leading to actin polymeriza-
tion (Campellone et al., 2004). It is possible that clustering of Tir
by intimin creates a binding site that facilitates recruitment and
activation of Abl or Arg. Alternatively, clustering may induce
conformational changes within Tir that permit access of Abl or
Arg to its phosphorylation site. Blocking Abl or Arg activity
with PD results in rapid dephosphorylation of Tir (Figure 4),
indicating that kinase activity is likely high in pedestals (Figure
2) and that phosphorylation of Tir is dynamic and tightly

Figure 6. PD blocks activity of Abl-WT but not Abl-T315I. (A and
B) Crystal structure of PD-166326 in the ATP-binding pocket of
Abl-WT (A) and Abl-T315I (B). Structure shows van der Waals
interactions between T315 (blue in A) and PD. Ile substitution for
Thr at position 315 (red in B) results in disruption of van der Waals
interactions, steric hindrance, and loss of binding. (C) PD-166326
blocks kinase activity of Abl-WT but not Abl-T315I. Analysis of
kinase activity in untransfected 293 cells (lanes 1 and 2) or in 293
cells transiently transfected with Abl-WT (lanes 3 and 4) or Abl-
T315I (lanes 5 and 6). Transfected Abl was immunoprecipitated
with �-Abl mAb AB3 and incubated with GST-Crk and ATP, to-
gether with DMSO (lanes 1, 3, and 5) or 10 nM PD-166326 (lanes 2,
4, and 6). No kinase activity from endogenous Abl was detectable in
these cells. An equivalent amount of Abl immunoprecipitated from
cells transfected with Abl-WT or Abl-T315I (see below). PD blocked
kinase activity of precipitates from Abl-WT cells (lane 4), but not
Abl-T315I cells.

Figure 7. Expression of PD-resistant mutant Abl-T315I per-
mits pedestal formation and tyrosine phosphorylation in the
presence of PD. (a–l) Images of 3T3 cells transfected with
vector (a–d), Abl-WT (e–h), or Abl-T315I (i–l), treated with
10 �M PD, and infected with EPEC for 5 h. Cells were
stained with DAPI to recognize EPEC, FITC-phalloidin to
recognize actin, �-Abl at low concentration to only detect
transfected Abl, and �-phosphotyrosine mAb 4G10. Note the
p-Tyr staining (l) and pedestals (j) are present in cells trans-
fected with Abl-T315I, but not with vector (b and d) or
Abl-WT (f and h). Note also that transfected Abl-T315I (k)
localizes in the pedestal. Thus, Abl is sufficient among ty-
rosine kinases for tyrosine phosphorylation and pedestal
formation. Bars, 5 �m.
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regulated. In the absence of Abl or Arg, other redundant ki-
nases can suffice. Frischknecht et al. (1999) have reported that
phosphorylation of the A36R protein by Src-family tyrosine
kinases mediates actin motility of vaccinia virus. Given the
similarity of the phosphorylation site in Tir and A36R, it is not
unreasonable to speculate that additional kinases also may
participate in vaccinia motility.

Because PD compounds block and reverse tyrosine phos-
phorylation and pedestals, these compounds may prove
effective as therapeutics for EPEC infections. The strategy of
using PD as a drug to treat a bacterial infection suggests an
important general solution to the development of drug re-
sistance by microbes. Many bacteria develop resistance to
antibiotics or drugs that inhibit growth or replication of the
pathogen. Indeed the development of multidrug-resistant
strains of many microbes such as vancomycin-resistant
Staphylococcus aureus and multidrug-resistant-Mycobacterium
tuberculosis represent an enormous public health concern.
Unlike antibiotics, however, PD affects the host response to
the bacterium, and not growth of the bacterium per se
(Figure 3j). To develop resistance to PD, EPEC would have
to alter its entire pathogenic program without strong growth
selection. Thus, the likelihood of developing resistant strains
with PD may be much less than with conventional antibiot-
ics. Our approach of interfering with host cell targets such as
Abl may have general utility in developing drugs to combat
microorganisms that have acquired multidrug resistance.
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